A series of four 2-(phenylthio)araalkylamines have been radiolabeled with 11 C and evaluated as potential radiotracers for imaging the serotonin transporter (SERT) by positron emission tomography (PET). All four candidates display high affinity for SERT and low affinity for the dopamine or norepinephrine transporters using in vitro binding assays. Biodistribution studies in rats demonstrated that tail-vein injection of the 11 C-labeled radiotracers resulted in high brain uptake of radioactivity with a preferential distribution in brain regions known to be rich in SERT such as hypothalamus and thalamus. The most promising candidate, 16, had hypothalamus-to-cerebellum ratios of 9:1, 1 h postinjection, an indication of high specific to nonspecific binding. Ex vivo pharmacological studies demonstrated that uptake in SERT-rich brain regions was both saturable and selective for SERT. Two of the tested radiotracers, 15 and 16, have highly favorable properties for imaging SERT and will be used in pilot human PET imaging studies.
Introduction
As the central site of action of many existing antidepressant drugs of the selective serotonin reuptake inhibitor (SSRI) type, the serotonin transporter (SERT) has been the focus of intense study for many years. [1] [2] [3] [4] In vivo imaging of SERT in living human brain, either by positron emission tomography (PET) or by single photon emission computed tomography (SPECT), has also been pursued vigorously by many groups but has met with limited success. 5 Most of the candidate radiotracers, while possessing high affinity for SERT in vitro, have shown poor ex vivo binding characteristics. 6 The most common defects have been poor signal-to-noise ratios and a lack of selectivity for SERT over other monoaminergic transporters: the dopamine transporter (DAT) and the norepinephrine transporter (NET). Inappropriate pharmacokinetics ex vivo, often due to very slow clearance of nonspecific binding, have been a common characteristic of failed SERT imaging ligands. Arguably the most useful SERT radiotracer developed to date for PET studies is (+)-[ 11 C]McNeil 5652. 7 In human PET studies with this selective SERT ligand, modest midbrain-to-cerebellum ratios of 1.8:1 are obtained 115 min postinjection. 8 Nevertheless, the modest signal, slow pharmacokinetics, and complicated modeling may limit the usefulness of this radiotracer. 9 A few new candidates have appeared in the literature of late which may have the potential to overcome these limitations. In the phenyltropane class of compounds, [ 18 F]FEBrNT and [ 11 C]RTI-357 both display high selectivity for SERT in vitro over other monoaminergic transporters. 10, 11 Information on the ex vivo binding data of the former is sparse however, while the latter displays moderate signal-to-noise ratios (1.2:1) in PET Cynomolgus monkey scans. A novel radioiodinated SERT radiotracer for SPECT imaging, [ 123 I]IDAM, has been described recently which was based on the 2-(phenylthio)araalkylamine structure, originally developed as nontricyclic antidepressants. [12] [13] [14] IDAM was shown to have high specificity and selectivity for SERT in vitro and ex vivo in rat biodistribution studies, 15 while SPECT studies on baboons using [ 123 I]IDAM demonstrated that a transient equilibrium was quickly reached with midbrain-to-cerebellum ratios of 1.8:1 obtained at 120 min postinjection. 16 Recently we reported the radiosynthesis of a 11 Clabeled potential SERT ligand in the 2-(phenylthio)-araalkylamines series (5-trifluoromethyl-2-(2-dimethylaminomethylphenylsulfanyl)phenylamine) and showed that it readily crossed the blood-brain barrier (BBB). 17 Expanding upon this work, we report here the synthesis and radiosynthesis of three new, less lipophilic analogues of our prototype SERT ligand for PET studies. All four 11 C-labeled radiotracers [ 11 C]-13-16 (Scheme 1) were evaluated by in vitro binding studies and ex vivo rat biodistribution experiments as potential ligands for imaging SERT by PET. In addition, ex vivo pharmacological and metabolic studies were also carried out on two of the more promising candidates.
Experimental Section
Purification and analyses of radioactive mixtures were performed by HPLC with an in-line UV (254 nm) detector in series with a NaI crystal radioactivity detector (synthesis and QC) or a Berhhold LB507A radioactivity detector (metabolite analysis). Isolated radiochemical yields were determined with a dose-calibrator (Capintec CRC-712M). THF was freshly distilled under nitrogen from LiAlH 4 and DMF was distilled from BaO and stored over 4 Å molecular sieves. (+)-McNeil 5652 was obtained from the NIMH's Chemical Synthesis and Drug Supply Program. All other chemicals were obtained from commercial sources. Column chromatography used silica gel 60 (70-230 mesh). Elemental analyses were performed by Atlantic Microlab (Georgia). NMR spectra were run on a Varian Unity 500 at 500 MHz ( 1 H) or 127.5 MHz ( 13 C) in CDCl3 (unless otherwise stated) with tetramethylsilane or deuterated solvent as internal standard; J values are given in hertz (Hz). Radio-TLC of radioactive solutions were performed on a Berthold Tracemaster 20 linear analyzer. Melting points are uncorrected. All animal experiments were carried out under humane conditions, with approval from the Animal Care Committee at the CAMH, and in accordance with the guidelines set forth by the Canadian Council on Animal Care.
2-(4-Chloro-2-nitrophenylsulfanyl)benzoic Acid (1). A mixture of thiosalycylic acid (3.4 g, 22 mmol), 2,5-dichloronitrobenzene (4.5 g, 23.2 mmol), K 2CO3 (7 g, 50.6 mmol) and copper powder (0.4 g, 6.3 mmol) in DMF (40 mL) was stirred at 65°C for 36 h. After dilution with water (300 mL), the mixture was filtered through diatomaceous earth and the filtrate acidified with aqueous HCl (6 N) and cooled (4°C). The yellow precipitate was filtered off and recrystallized from 50% aqueous ethanol to give 4.1 g (60%) of yellow crystals: mp 149-152°C; 1 2-(2-Amino-4-chlorophenylsulfanyl)benzoic Acid (3). A mixture of 1 (7 g, 22.6 mmol), ferric chloride (0.1 g, 0.6 mmol), and charcoal (0.5 g) in ethanol was stirred and treated with a solution of hydrazine hydrate (1.2 mL) in ethanol (4 mL). After heating to reflux for 26 h, the hot mixture was filtered through diatomaceous earth and washed with copious amounts of hot ethanol until filtrate ran colorless. Evaporation left a yellow solid which was dissolved in 10% aqueous NaOH (40 mL) and acidified with acetic acid. The pale yellow solid was collected and dried in vacuo (3.3 g, 45%). An analytical sample was recrystallized from 95% aqueous ethanol: mp 186-191°C; 1 addition of ethyl acetate (10 mL) and 10% aqueous sulfuric acid (10 mL). The organic layer was filtered through a plug of Na2SO4 under nitrogen and evaporated to dryness to leave a yellow oil (3.43 g). This was treated with K2CO3 (5.5 g, 40 mmol), 4-chloro-2-nitrobenzonitrile (3.9 g, 21.3 mmol), copper powder (0.38 g, 6 mmol) and DMF (30 mL). The mixture was stirred under nitrogen for 1 h, diluted with water (100 mL), and extracted with ethyl acetate (3 × 60 mL). The combined extracts were washed with water (100 mL), dried (K 2CO3), and filtered, and volatiles removed to leave a yellow foam (6.67 g, 89%). A portion (0.5 g) was purified by flash chromatography on silica gel with ethyl acetate followed by recrystallization from 80% aqueous ethanol to give an analytical sample of 5 as a yellow powder (0.35 g): mp 120-126°C; 1 
3-Amino-4-(2-hydroxymethylphenylsulfanyl)benzonitrile (8).
A mixture of crude 5 (90% pure by HPLC, 12.1 g, 38 mmol), ferric chloride (0.19 g, 1.2 mmol), and charcoal (0.95 g) in ethanol (100 mL) was stirred at reflux and treated with a solution of hydrazine hydrate (2 mL) in ethanol (5 mL). After 3 days of heating, the hot mixture was filtered through diatomaceous earth and evaporated to dryness. The residue was partitioned between ethyl acetate (200 mL) and saturated aqueous NaHCO 3 (150 mL); the organic layer was washed with brine (100 mL), dried (K2CO3), filtered, and evaporated to give a red sticky solid (12.3 g). Purification by column chromatography on silica gel (ethyl acetate/petroleum ether/Et3N 40/55/ 5) followed by recrystallization from 80% aqueous ethanol gave off-white needles (4.7 g 49%): mp 121-124°C; 1 H NMR 7.47 (d of m, 1H, J ) 7.5), 7.29 (dt, 1H, J ) 1.3 and 7.5), 7.27 (d, 1H, J ) 7.9), 7.21 (dt, 1H, J ) 1.5 and 8.9), 7.04 (dd, 1H, J ) 1.1 and 8.9), 6.96 (d, 1H, J ) 1.7), 6.94 (dd, 1H, J ) 1.7 and 7.9), 4.82 (s, 2H), 4.44 (br s, 2H), 2.17 (br s, 1H). Anal. (C14H12N2OS) C, H, N.
5-Chloro-2-(2-methylaminomethylphenylsulfanyl)phenylamine (10).
A solution of 6 (0.23 g, 0.87 mmol) in diethyl ether (1.5 mL) was treated with a solution of HCl in diethyl ether (5 mL, 1 N). The ether was evaporated; the solid stirred at ambient temperature with toluene (4 mL) and was treated with thionyl chloride (0.5 mL). After 2 h volatiles were removed, toluene (5 mL) was added, and the mixture evaporated to dryness. The crude benzyl chloride was stirred with toluene (5 mL) and treated with 40% aqueous methylamine (1 mL). After 24 h water (5 mL) was added, the organic layer separated, and the aqueous fraction extracted with toluene (5 mL). The combined organic extracts were dried (K 2CO3), filtered, and evaporated to dryness to give crude 10. Purification by column chromatography on silica gel (ethyl acetate/ petroleum ether/Et3N 55/45/5) gave a light brown oil (0.09 g, 37%), which partially crystallized upon drying under high vacuum: 1 18 was swept by a flow of N2 gas (10 mL/min) into a solution of 12 (1.0 mg) in DMF (200 µL) at -20°C. When radioactivity had peaked the solution was heated to 90°C for 4 min and quenched with HPLC buffer (0.5 mL). The mixture was purified by semipreparative HPLC; Phenomenex Prodigy C18 (250 × 10 mm, 35% CH 3CN:65% H2O + 0.1 N NH4HCO2, 10 mL/min (tR of 16 ) 8 min, tR of 12 ) 3 min). The desired fraction was collected and evaporated to dryness at 50°C and the residue taken up in 10 mL of sterile saline. The saline solution of [ 11 C]-16 was passed through a sterile 0.22-µm filter into a sterile, pyrogen-free bottle containing aqueous sodium bicarbonate (1 mL, 8.4%). An aliquot (100 µL) of the formulated solution was used to establish the chemical and radiochemical purity and specific activity of the final solution by analytical HPLC; Phenomenex Prodigy C18 (250 × 4.5 mm, 40% CH 3-CN:60% H2O + 0.1 N NH4HCO2, 3 mL/min (tR of 16 ) 4 min).
[ 11 C]-14 and [ minor adjustments to the HPLC conditions. [ 11 C]-13 was prepared as described previously. 17 Further evidence for the identity of the radiolabeled products was achieved by coinjection with authentic "cold" material using a further two different HPLC columns (Alltech C8, Econosil; and Waters C18, Novapak). In addition, radioscanning TLC (silica gel, EtOAc:Et3N 95:5 (v/v)) showed one radioactive peak with the same retention factor as authentic material.
2. log P Measurements. The determination of the partition coefficients of radioactive compounds between 1-octanol and 0.02 M phosphate buffer at pH 7.4 was performed by a previously described method. 17 3. Animal Studies. Rats (male, Sprague-Dawley, 200-230 g) were kept on a 12-h light/12-h dark cycle and allowed food and water ad libitum. Rats received 3-30 MBq of highspecific activity radiotracer (350-450 ng) in 0.3 mL of buffered saline via the tail vein, vasodilated in a warm water bath, and sacrificed at various time points after injection. A previously described method was used to determine the regional brain uptake of radioactivity. 19 For pharmacological blocking studies, rats received a tail-vein injection of a solution (1 mL/kg body wt, saline or 5% ethanol in saline) of the putative blocker (2 mg/kg) 17-20 min before administration of the radiotracer while controls received only saline before the radiotracer injection. Experiments were conducted on groups of 3 rats/ time point.
4. Serotonergic Neurotoxin (PCA) study. Rats were injected ip with either p-chloroamphetamine (5 mg/kg/day) or saline (controls) on 2 consecutive days (n ) 6 for both groups). Six days later, [ 11 C]-16 was injected into each rat, the rats were killed 60 min postradiotracer administration, and regional brain uptake of the radiotracer was determined as above.
Metabolite Analysis in Rat Brain.
A male rat (Sprague-Dawley, 250 g) was injected (tail vein) with [ 11 C]-16 (350 MBq, 11 nmol, 0.5 mL) in saline and killed by decapitation 20 min later. Blood was collected from the trunk and the brain surgically removed and stored on ice. A control rat which received only saline was also killed after 20 min and its brain removed. To each excised brain was added 10 µL of a 4 mM solution of "cold" 16, and 1 MBq of [ 11 C]-16 in 10 µL of saline was added to the control brain only. Both brains were homogenized (Polytron, setting 7) in 5 mL of ice-cold 80% aqueous ethanol and centrifuged (17 000 rpm, 15 min). The supernatants and pellets were counted for radioactivity; the supernatants were then evaporated to near dryness and reconstituted in HPLC buffer (500 µL) for analysis using a Waters Novapak C18 column (300 × 7.6 mm, 40% CH 3CN: 60% H2O + 0.1 N NH4HCO2, 5 mL/min). The procedure was repeated using [ 11 C]-15. 
Binding Assays Using Cloned Human Monoamine Transporters (HSERT, HNET, and HDAT). Membranes

Results
Chemistry. The synthesis and radiolabeling of 13, which has the trifluoromethyl substituent in the 3-position, has been described in a previous paper. 17 The synthesis of the new target ligands 14-16 and their normethyl derivatives 10-12, which were required as precursors for radiolabeling with [ 11 C]iodomethane, is outlined in Scheme 1. Copper-catalyzed coupling of thiosalicylic acid with either 2,5-dichloronitrobenzene or 4-chloro-3-nitroanisole gave the aryl thioethers 1 and 2 in good yields. Ferrous chloride-catalyzed reduction of the nitro group using hydrazine provided 3 and 4 which was followed by reduction of the carboxylic acid group with lithium alumium hydride to give benzyl alcohols 6 and 7.
The presence of the reducible cyano group in the targeted 12 and 16 necessitated a different synthetic approach. Initially, a route involving the coupling of o-thiocresol with 4-chloro-3-nitrobenzonitrile followed by benzylic bromination and reaction with either methylamine or dimethylamine was pursued. 13 However the amination reactions resulted in a complex mixture of products from which only small quantities of the desired material could be isolated. The alternative route outlined in Scheme 1 was more successful. Coppercatalyzed coupling of 4-chloro-3-nitrobenzonitrile with freshly prepared 2-thiobenzyl alcohol proceeded smoothly in DMF yielding 5 which was reduced to 8 with hydrazine. Treatment of the benzyl alcohols 6-8 with thionyl chloride in toluene gave crude benzyl chlorides as hydrochloride salts which were not isolated but which reacted with either methylamine or dimethylamine to yield the target amines 9-12 and 13-16, respectively. The reaction of 6-8 with thionyl chloride produced much cleaner products when the hydrochloride salts were employed rather than the free bases.
Radiochemistry. The radiotracers [ 11 C]-13-16 were all synthesized in a similar fashion as depicted in Scheme 1. Cyclotron-produced [ 11 C]iodomethane 18 was trapped in solutions of the normethyl precursor 9-12 at -20 to -30°C and heated to 90°C for 2-5 min. Purifications of the resultant reaction mixtures were effected by reverse-phase HPLC followed by evaporation, filtration, and formulation in buffered saline to give isolated radiochemical yields of [ 11 C]-13-16 of 25-55% (uncorrected, from [ 11 C]iodomethane). Final products were sterile, pyrogen-free, and radiochemically pure (>98%) by TLC and HPLC and contained less than 0.05 µg/mL of normethyl precursor. Synthesis times, including quality control, were 25-30 min from end-ofbombardment, and specific activities of 25-55 GBq/µmol at end-of-synthesis were obtained from bombardments of 10 µAh.
In Vitro Binding Assays. The affinities (K i ) of the test compounds 13-16 for cloned human monoamine transporters are shown in Table 1 . All four are highly selective (>1000-fold) for SERT over NET and DAT. There was little species difference as binding studies using rat cortical and striatal membranes gave very similar results (data not shown).
Biodistribution in Rat Brain. Five minutes after tail-vein injection whole brain uptake for the four radiotracers, [ 11 C]-13-16, was 1.02, 1.27, 1.18 , and 1.22% injected dose/g (%ID/g), respectively, demonstrat-ing facile crossing of the BBB in each case. An examination of the regional brain biodistribution (Table 2) showed that, for all four radiotracers, there was a slower washout of radioactivity from SERT-rich brain regions such as hypothalamus and thalamus than from cerebellum; a region which possesses a low density of SERT receptors in the rat. 21, 22 Regions of moderate SERT density such as striatum, hippocampus, and whole cortex had intermediate washout rates. Uptake of radioactivity (%ID/g) in the cerebellum was used as an index of nonspecific binding (NSB) and region minus cerebellum (%ID/g) as an index of specific binding (SB). SB-to-NSB ratios of 2.5, 4.2, 6.3, and 7.9 were obtained for Metabolism. Ethanolic extraction of whole brain homogenates from rats receiving an injection of either [ 11 C]-15 or [ 11 C]-16 recovered >93% of the radioactivity associated with the brain tissue. Upon concentration, the extracts were examined by reverse-phase HPLC for the presence of radioactive metabolites. Analysis of the brain extracts, for both radiotracers, showed a major peak (94-96% of total brain radioactivity) which coeluted with the administered radiotracer and two small radioactive peaks (both 2-3% of total brain radioactivity) with earlier retention times. A comparison of retention times with standards suggested that in the case of [ 11 C]-15, the two metabolites corresponded to Nand O-demethylation products of 15.
PCA Treatment. Systemic treatment of rats with the serotonergic neurotoxin p-chloroamphetamine (n ) 6) or saline (n ) 6) was followed 6 days later by administration of [ 11 C]-16. Significant reductions in the SB of [ 11 C]-16 were found in all brain regions. Reductions ranged from 69% in the thalamus and hypothalamus to 82% in the cortex in treated rats as compared to controls (Figure 2 ).
Discussion
The radiosynthesis of the four radiotracers was achieved under very similar conditions by alkylation of 15 However we thought that the clearance rate from the cerebellum (t 1/2 34 min) was too slow for good pharmacokinetics in human PET studies with the short-lived radiotracer 11 C (t 1/2 20.4 min). Since slow clearance of NSB is often attributed to high lipophilicity, other analogues were designed with more polar groups in the 3′-position to replace the lipophilic trifluoromethyl group. 24 The limited structure-affinity data available suggested that a variety of groups could be tolerated at this position. 13, 23 This simple approach of reducing lipophilicity was very successful in increasing the washout rate of the radiotracers from the cerebellum and, more significantly, resulting in a concomitant increase in SB to NSB ratios: e.g. 6.3 and 7.9 for 15 and 16, respectively, in the hypothalamic region (Tables  1 and 2 ). Even though 15 and 16 have 5-10-fold lower affinity for SERT (Table 1) than 13 and 14, the former pair of analogues displays significantly better ex vivo binding characteristics as potential SERT imaging agents than do the latter pair. This would suggest that, for these analogues, the reduction in lipophilicity with concomitant faster washout of nonspecfic binding plays just as significant a role in obtaining high signal contrast as does affinity for the receptor.
Upon the basis of their superior ex vivo pharmacokinetics, the two radiotracers [ 11 C]-15 and [ 11 C]-16 were selected for further ex vivo studies in rats. Both candidates showed saturability and specificity of binding for SERT binding sites as demonstrated by the ex vivo blocking studies with either "cold" ligand or (+)-McNeil 5652 (Figure 1 ). In these studies reduced regional brain uptake of radioactivity to cerebellar levels was found for all brain regions except in the hippocampus where reductions of 69% and 83% were observed for [ 11 25 No reduced uptake of radioactivity was found in the cerebellum in either blocking study, strengthening the view that the cerebellum is nearly devoid of SERT and justifying the use of this region to estimate nonspecific binding. These results, in conjunction with the lack of effect on regional brain uptake of a variety of other pharmacologically active drugs and the in vitro binding data, strongly indicate that regional brain uptake of Since the presence of radiolabeled metabolites in target regions can represent an insurmountable problem in PET imaging studies, whole rat brain extracts were examined by TLC and HPLC after tail-vein injection of both [ 11 C]-15 and [ 11 C]-16. While TLC could not discern any species other than parent radiotracer, the superior resolution of HPLC revealed the presence of small amounts of more hydrophilic metabolites from both radiotracers. However, assuming a one-to-one allometric extrapolation to humans, the small amount of metabolism should not present a problem in human PET studies.
In conclusion, this study has demonstrated that 4-substituted phenyl thioethers possess high affinity and selectivity for the SERT in vitro and can be efficiently radiolabeled with 11 C. Ex vivo, the radiotracers demonstrate high SB in regions of rat brain known to be rich in SERT. Ex vivo binding is saturable and pharmacologically specific for SERT over other receptor binding sites, and a good correlation is found between their lipophilicities, pharmacokinetics, and signal-tonoise ratios. Radiolabeled metabolites are found to only a minor extent in rat brain, and destruction of serotonin terminals results in a significant loss of SB. Radiotracers for in vivo imaging of SERT could be applied to research for both existing and new SSRI drugs by measuring their occupancy, pharmacokinetics, and regulation of SERT during treatment of mood and anxiety disorders. Such an approach requires better PET ligands than have yet been reported. Taken together, our results strongly indicate that both 15, 2-(2-dimethylaminomethylphenylsulfanyl)-5-methoxyphenylamine or DAPP, and 16, 3-amino-4-(2-dimethylaminomethylphenylsulfanyl)benzonitrile or DASB, possess such potential as radioligands for imaging SERT in the living human brain by PET and merit further investigation. Human trials with both 11 C-labeled ligands are currently in progress.
